
�50�    �3�                                ��������	                                    Vol.50,   No.3 

2021�      3�                      RARE METAL MATERIALS AND ENGINEERING                         March   2021 

 

�����2020-03-10 

���	����	
�� (51702163)������������������ !�"# (2020C026-4)����$%&'()*+


�����"# (JJKH20200423KJ)���,-.�/012"# (2018009) 


���3  45651989�75/058,5��,-.�9:;<=>?@ AB$%CDEFGH5�� IJ 1360005KLM

0434-32922095E-mail: xuna8912@126.com 

 

�����

����������

�����La

0.4

Sr

0.6

Co

0.2

Fe

0.7

Nb

0.1

O

3-δ

-Ce

0.8

Gd

0.2

O

2-δ

���	

���	���	

���	
��


��
��


�� SOFC �

��

���

����

�� 

 

�  �

1

����

1

���	

2

�
	�

1

��  

1

����

1

 

(1. ��,-.�5�� IJ 136000) 

(2. NOPQ.�5RS NO 210094) 

 

�   � �TUVWX La

0.4

Sr

0.6

Co

0.2

Fe

0.7

Nb

0.1

O

3-δ

-Ce

0.8

Gd

0.2

O

2-δ

Y LSCFN-CGOZ[WK\]^K_5`aB

La

0.8

Sr

0.2

Ga

0.83

Mg

0.17

O

3-δ

YLSGMZbcKde?@fghc LSCFN-CGO||LSGM||LSCFN-CGOi]^KjklmnB X

opqoYXRDZr�stKuvwxYSEMZ] LSCFN-CGO yz{|}K_w~gh��l�kTUV?�i

LSCFN-CGOK_yzc�|5LSCFN���| CGO��|�@_<i��|��5��g��f�<w~ghi

]^K_kaB H

2

Y3% H

2

OZ�C

3

H

8

Y3% H

2

OZc�>���Kj��5850��Kj�.�����lm� 980 � 869 

mW/cm

2

k ¡���¢ C

3

H

8

Y3% H

2

OZ�£¤ 0.3 A/cm

2

i¥¦§K¨©ª��5«¬ 420 h5®¯°±5�²�

� 8 ³K_´�µ¶·95]^K_�¸P¹iº��>ª´�µ¶»7�¼kg½¾¿5aBTUVWX[WK\

K_ÀTÁÂÃ�Ä�iK_?@ÅV5�¸ÆÇiABÈÉk  

����TUWXV�LSCFN-CGO�]^ÊËz´�{�>Kj�C

3

H

8

� ¡� 

�������TM911.4        ������A        �����1002-185X(2021)03-0995-05 

 

��������	
solid oxide fuel cell�SOFC�

����������������������

��������� !" 50%~60%�#�$%� 

&�" 90%'()*+�SOFC ,-.��/012

34567849:;<=>

[1,2]

'?@� SOFC A�

	BCD LSM
La

0.8

Sr

0.2

MnO

3-δ

�EF4GH YSZ
�

�IJK���L��MN�OP Ni-YSZQFRS

[3,4]

'

TU?@ SOFC VWSXYZ[�\]^_`a

SOFC bcdef�gh�i0jklm'noc�

��pq�`rq��������	
symmetric 

SOFC�SSOFC�stu3v�kw��x0yz��

F{�]��	EF|QF

[5,6]

'y}a?@ SOFC�

SSOFC-.~�������4~U�VWSX4~

8�#�5P��,��5JK�

[7,8]

'��!���

�,��5JK��?@ SOFC ����QF���

���������.�M��QF!��B���

���EQF��

[9]

'�)���0a SSOFC��F

{��S�� ¡¢#>' 

`r�Fz£i0a SOFC�EF¤QF��F{

�¥¦��P,��§��-W�¨4��JK��©

.ª���« P��4������¬��

[10]

'

LaCrO

3

®¯°±²³´i0a`r�F{�

[11-13]

'µ¶

{�¦3v��·¸12¹��JK�º�¦��|,

��§����¬��ªU'»¼�~½� SOFC¯

°±�¨`r�F²¾¿��Àc�Á La

0.3

Sr

0.7

Fe

0.7 

Cr

0.3

O

3-δ

[14]

4La

0.6

Sr

0.4

Fe

0.9

Sc

0.1

O

3-δ

[15]

4Sm

0.7

Sr

0.2

Fe

0.8

Ti

0.15 

Ru

0.05

O

3-δ

[16]

4Sr

2

Fe

1.5

Mo

0.5

O

6-δ

[17]

<�µ¶�F¬��

y}ÂÃ���`r�F.ÄÅ��ºÆz£Ç¦��

|,��§�JK�ªÈ�É>'Ân��F-�MNÊ

Ë`r�FstuÌÍ�3vkw�y}aAÎ�F�

ÊË�F-.~8�����|~��JK�

[18,19]

'X

Ï�RÐÑ¡¢��Òu��pq��,�!Ó�

La

0.4

Sr

0.6

Co

0.2

Fe

0.7

Nb

0.1

O

3-δ


LSCFN�`r�F

[20]

�,�

�§��¯°±�¨� LSCFN �Ô²,��JK�

K

2

NiF

4

qÕÖ¯°±�¨ La

0.8

Sr

1.2

(Co, Fe)

0.8

Nb

0.2

O

4+δ


K-LSCFN�P Co-Fe ×ØËÙ
CFA��¤)z£

K-LSCFN-CFAÆ!O¦���§�Ú�LSCFN¯°±

�¨'XÏ�R� LSCFN �FÛ�¤ Ce

0.8

Gd

0.2

O

2-δ



Ì996Ì                                        Í¸Î=> Q¬                                              � 50� 


 CGO��MNÛ�Ü}ÝÞË��ÊË�

LSCFN-CGO �F{�'¡¢ßà�LSCFN¤ CGON

á}� 1:1£`r�Fi0a SOFC��Â8

[18]

' 

âÄãä��Fåæ�¨Áçèéê4çèëB

�4�F�ìí <îdïðñòóô�	��'õ

öè÷·ø4ùd�Fìí 4OPùdúyûüü

��!.�Å��F��'`a�F{��VW�ý

þ�� CeO

2

®�F�VW���ËS�¤?@��

�ÞË��y}�!.�õöÐ���ÞË�ï��

�~���	y�½y
åØÛ��j×ØÛ�

[21]

'

X¡¢x0��ËS���VW LSCFN-CGO ÊË�

F{����� 2 �{�Ð��ÞË������

�Ô�åæñù� 2 �çè�ÞËïð����çè

éê~���FÛ�'F��çèéê.�a�÷y

|�÷y��·�����ùd�i�úyûü��

��F`��P����¬���������	�

����~dïð�Å�' 

��������

LSCFN-CGO ÊË�FÛ�x0������ËS

��VW'�� !�"�añ#$%&��'()*

.+,-�Îð�·.Î'/0 LSCFN¤ CGO 1:1�

Ná}�r1yiNá� La(NO

3

)

3

·6H

2

O4Sr(NO

3

)

2

4

Co(NO

3

)

2

·6H

2

O 4 Fe(NO

3

)

3

·9H

2

O 4 C

10

H

5

NbO

20

P

Gd(NO

3

)

3

·6H

2

O4Ce(NO

3

)

3

·6H

2

O Û��M¦2�÷3

�'4¼��/á567|89:;87(EDTA)�0<

3=> pH� 4, ¦ 80?@�3A�BC���DS���

���E�aFG� 12 h�HðI� 90?@�DS��Ð

��'Â¼�¦JKL����O 3 @/min MHj 1100 

@YNH 5 h��� LSCFN-CGOÊË`r�FÛ�' 

SSOFC ��MNOPq�	��MN{��

La

0.8

Sr

0.2

Ga

0.83

Mg

0.17

O

3-δ


LSGM, QX Seimi�\.+

,-�'LSGMÛ�B�R¸SqVW�MNS��T

0.2 g LSGMÛ�¦ 200 MPaU¸VS�VT� 1.9 cm

�WS�»¼¦ 1450

 

@U�� 10 h'��¼WD�M

NSXðT� 200 µm��VT� 1.65 cm' 

½ì LSCFN-CGO `r�FB�YZ[\\]V

W'LSCFN-CGO Û���z<Ná�Y[�
^_

`abc,-�P 20%(Ná·d)�eDfg
^_

`abc,-�0Ohì�� LSCFN-CGO �Fi�

Y[¦LSGM�MNjk'̀ r�F��Hð�1100 @�

£l� 2 h'��¼�FXð�T 40 µm��	.�ü

�T� 1.5 cm

2

�LSCFN-CGO||LSGM||LSCFN-CGO�

Âm¨S�A�	�¨' 

LSCFN-CGO Û��yx0½n� X opqor


XRD�st Bruker D8��u·.��FåæDv

&B�wx�÷yåz
SEM�st Merlin��uæ

{'|}x0~i]�E4QF�F���'�	�

����B� PGSTAT302N���\]�
���B

.+,-��u� '������I������ 

20 mV�� � 0. 1~100 000 Hz'z�x0���\

]�� �z���U`r�	���Hð(I)-�¸

(V)-n Hð(P)����	EF9¥B����ad

���QFB��á� 50 mL/min� H

2


3% H

2

O�

| C

3

H

8


3% H

2

O�' 

������	
�

���������	�

� 1������V�� LSCFN-CGO`r�F

Û� XRD���Y·þ¤ LSCFNP CGO� XRD�

��u}ª'LSCFN-CGO � XRD ���a���

���uyi� LSCFN��¯°±�¨�P CGO�

f�¨��ý�qo�¤ PDF�Sy�Ë��9�N

y�DS'��ßà�Ð�� 1100 @��¼�Ô·þ

DS LSCFNP CGOy�� LSCFNP CGON���

�y�¨�b���i��9���' 

�����
���	�

� 2����ËS� LSCFN-CGO`r�Fßü

SEM �S�� 2a � Inlends f ¡¢�� 2b � AsB

f 'D� 2a!ä�LSCFN-CGO�Fçè£��-

.¤¥½ì��¨��Fßüìí������¦§

Å%u¨8�B©'� 2b � AsB ¡¢f �Ôaª

�«· LSCFN¤ CGOçèDv4èðP·ø'LSCFN

�ª¬�çè�� CGO �®çè'����VW

������¼����F� LSCFN¤ CGOçèÞ 

 

 

 

 

 

 

 

 

 

 

 

Ï 1  LSCFN�CGO }TUV?@i LSCFN-CGO yz XRD 

ÏÐ 

Fig.1  XRD patterns of LSCFN, CGO and co-synthesized 

LSCFN-CGO powders 
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Ï 2  TUVWX LSCFN-CGOK_¾Ó SEMÔÕ 

Fig.2  SEM images of the as-prepared LSCFN-CGO electrode 

surface by one step co-synthesis: (a) Inlends mode and  

(b) AsB mode 

 

ËF�����9¯°ÞË����çè±²Ò³'2

�Û��ÞË��ïðùd�çèëB�~8���

���i�úyûüùd�~�.�a��P���

¦�Fñ��¬��i' 

������
��� 

� 3a ��zHðU�`r�	 LSCFN-CGO 

||LSGM||LSCFN-CGO� I-V-P´p'`r�	 850 @

£·þ�0 H

2


3% H

2

O�| C

3

H

8


3% H

2

O�]��

���µ�¸
OCV�·þ� 1.107 | 1.133 V�¤

Nernst �ï¶·����¸�µ�¸�yÈª��ß

à LSGM�MN¹CGH���	º�¨8��»�'

�	 2��§U 850 @�Âdn Hð·þ� 980| 

869 mW/cm

2

'�	��¼�a´Ð`r�	���½

©

[11-18]

'ÝÁ��0XðT� 200 µm� YSZ�MN�

¯°ÞËNá} 1:1� LSCFN P CGO Û��`r�

F�A�	 850 @x0 H

2


3% H

2

O������Â

dn Hð¾� 284 mW/cm

2

 

[18]

' 

�  3b ��µ�¸U� ���`r�	

LSCFN-CGO||LSGM||LSCFN-CGO � � � � � �


EIS�'D� 3b!��850 @� �A�	¦ H

2


3% 

H

2

O�P C

3

H

8


3% H

2

O����U¿À�����

0.16 Ω·cm

2

�F���·þT� 0.18 Ω·cm

2

 | 0.24 

Ω·cm

2

����ª���	-.=Á���' 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ï 3  LSCFN-CGO||LSGM||LSCFN-CGO ]^Kj¢ H

2

(3% 

H

2

O)� C

3

H

8

Y3% H

2

OZ�>�ª I-V-P Öp}!×K

ØªÙÚÐ 

Fig.3  I-V-P curves of the LSCFN-CGO||LSGM||LSCFN-CGO 

symmetrical single cell with H

2

 (3% H

2

O) and C

3

H

8

 (3% 

H

2

O) as fuel (a) and impedance spectra measured at open 

circuits (b) 

 

2.4  ������������� ��� 

�ÂÃ LSCFN-CGO||LSGM||LSCFN-CGO `r�

	¦�®�� C

3

H

8


3% H

2

O���JK��850 @U

`�	�uu SOFCf �Ä�E����Hð� 0.3 

A/cm

2

'Á� 4ÄÅ�¦[" 280 h�JK�� ��

`r�	�¸PÆÀn JK�9��ÇÈ�ßà��

�VW� LSCFN-CGO �F-.ª8���JK�' 

 

 

 

 

 

 

 

 

Ï 4  ]^Kj¢ C

3

H

8

Y3% H

2

OZ�>�¤i ¡� 

Fig.4  Stability of symmetrical cell operated under C

3

H

8

 (3% 

H

2

O)  

0 40 80 120 160 200 240 280

0.4

0.6

0.8

1.0

1.2

@ 850 �

50 mL/min 97% C

3

H

8

+3% H

2

O

 

 

V
o
l
t
a
g
e
/
V

Elapse Time/h

 0.3 A/cm

2

0.0 0.5 1.0 1.5 2.0 2.5

0.4

0.6

0.8

1.0

1.2

 3% H

2

O-fue l

V
o

l
t
a
g

e
,
 
V

/
V

 

Current Density , I/A·cm

-2

 

850 �- H

2

800 � - H

2

750 �- H

2

850 � - C

3

H

8

a

0.0

0.2

0.4

0.6

0.8

1.0

P
o
w

e
r
 
D

e
n

s
i
t
y
,
 
P

/
W
·
c
m

-
2

Z′/Ω·cm

2

 

0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.0

0.1

0.2

0.3

0.4

(b) 3% H

2

O-Fuel

850 °C- H

2

800 °C- H

2

750 °C- H

2

850 °C- C

3

H

8

2

 

 

b 

�

� 

� 

� 

-
Z

″
/
Ω

·
c
m

2

 

fuel 



�998�                                        �������	
                                              � 50� 

� 5��� SSOFC����	
������

����� C

3

H

8

�3% H

2

O������� 4���

������� !�����"�#$%&� 0.3 

A/cm

2

�' 140 h�() 5~25 h�� 1*+,���	


���-.$/0� 850 1�( 1*
�23��

"456#$(P

max

)�7�89:;����<=�:

; N

2 

�0! 15 min�>�:;?� 15 min�@��

+,����� N

2

ABCD?��E�:F C

3

H

8

�3% 

H

2

O�����G 15 minH"4��I*@ 0.3 A/cm

2

 

�"�#$�J"���"K���'L 8 *


�-M� 5NO��PQ"4RSTU�VWXY C

3

H

8

�3% H

2

O�Z[\����	
�N]��^ 420 h

�����"4E_56#$`ab0cd�"4�

�efSghijkNlm�nop-qrstu

vwxy�@ LSGM �"z{�LSCFN-CGO �PQ

",� SSOFC|}~VWX����������

PQ���"4- 

 

 

 

 

 

 

 

 

 

 5  ������������� 

Fig.5  Stability of symmetrical cell during redox cycling test 

 

3  �  � 

1) ��}��������� LSCFN-CGO P

Q",���� LSGM �"z{�����u��

LSCFN-CGO||LSGM||LSCFN-CGO �PQ� SOFC �

"4-"4R�,U����850 1Z H

2

�3% H

2

O�

� C

3

H

8

�3% H

2

O����������"4E_5

6#$��� 980� 869 mW/cm

2

- 

2) "4��R�TU��WX���kX`�

� C

3

H

8

�3% H

2

O�� 0.3 A/cm

2

��J" 420 h�"4

���-��������� 8 *",����

	
����"KY56#$gh���X`��Z

,��- 

3) }����� LSCFN-CGO PQ",RST

U������X`��Z�WXY���	
��

��|}~,R�����PQ� SOFC",- 

����    References  

[1] Niu Yushuang(��� ), Yang Zhibin(�� ), Zheng 

Ziwei(!"#) et al. Rare Metal Materials and Engineering 

(�������	
)[J], 2017, 46(1): 262 

[2] Kendall K, Kendall M. High-temperature Solid Oxide Fuel 

Cells for the 21st Century[M]. Amsterdam: Elsevier, 2016: 1 

[3] Tarragó D P, Moreno B, Chinarro E et al. International 

Journal of Hydrogen Energy[J], 2020, 45(20): 11749  

[4] Nielsen J, Persson A H, Sudireddy B R et al. Journal of Power 

Sources[J], 2017, 372: 99  

[5] Jung I, Lee D, Lee S O et al. Ceramics International[J], 2013, 

39(8): 9753 

[6] Liu Xiaotian, Zhao Eqing, Wang Zhuang et al. Ceramics 

International[J], 2017, 43(14): 10 960 

[7] Zheng Yao, Zhang Chunming, Ran Ran et al. Acta 

Materialia[J], 2009, 57(4): 1165 

[8] Li Yan, Cai J W, Alonso J A et al. International Journal of 

Hydrogen Energy[J], 2017, 42(44): 27 334 

[9] Bian Liuzhen,Wang Lijun, Duan Chuancheng et al. 

International Journal of Hydrogen Energy[J], 2019, 44(60): 

32 210 

[10] Zhang Peng,Guan Guoqing, Khaerudini D S et al. Journal of 

Power Sources[J], 2014, 248(15): 163  

[11] Hussain S, Javed M S, Ullah N et al. Ceramics 

International[J], 2019, 45(12): 15164  

[12] Zhu Xingbao, Lü Zhe,Wei Bo et al. Journal of Power 

Sources[J], 2011, 196(2): 729 

[13] Ruiz-Morales J C, Canales-Vázquez J, Ballesteros-Pérez B et al. 

Journal of the European Ceramic Society[J], 2007, 27(13): 4223 

[14] Chen Min, Paulson S, Thangadurai V et al. Journal of Power 

Sources[J], 2013, 236: 68  

[15] Liu Xuejiao, Han Da, Zhou Yucun et al. Journal of Power 

Sources[J], 2014, 246: 457  

[16] Fan Weiwei, Sun Zhu, Bai Yu et al. Journal of Power 

Sources[J], 2020, 456: 228 000  

[17] Guo Yangyang, Guo Tianmin, Zhou Shijie et al. Ceramics 

International[J], 2019, 45 (8): 10 969 

[18] Xu Na, Zhu Tenglong,Yang Zhibin et al. Journal of Materials 

Science & Technology[J], 2017, 33 (11): 1329 

[19] Shen Jian, Chen Yubo, Yang Guangming et al. Journal of 

Power Sources[J], 2016, 306: 92 

[20] Yang Zhibin, Xu Na, Han Minfang et al. International 

Journal of Hydrogen Energy[J], 2014, 39(14): 7402 

[21] Guan Mengjie, Sun Wang, Ren Rongzheng et al. International 

Journal of Hydrogen Energy[J], 2016, 41(4): 3052 

0 20 40 60 80 100 120 140

0.0

0.4

0.8

1.2

1.6

V
o
l
t
a
g
e
/
V

 

Elapse Time/h 

 

0.6

0.8

1.0

1.2

1.4

15 min15 min15 min15 min

C

3

H

8

N

2

25 h

10 h

15 h

11 h

18 h 11 h26 h

P

m
a
x
 

/
W
·
c
m

-
2

 

C

3

H

8

N

2

Air

Typical sequence of 1 cycle

24 h



� 3$                 %  &'()*+,- La

0.4

Sr

0.6

Co

0.2

Fe

0.7

Nb

0.1

O

3-δ

-Ce

0.8

Gd

0.2

O

2-δ

���./01 SOFC�234       �999�  

 

 

Co-synthesis of La

0.4

Sr

0.6

Co

0.2

Fe

0.7

Nb

0.1

O

3-δ

-Ce

0.8

Gd

0.2

O

2-δ 

Symmetrical Electrode for 

SOFC Performance Study 

 

Xu Na

1

, Sun Mengzhen

1

, Zhu Tenglong

2

, Yu Longjiao

1

, Geng Duo

1

, Xu Zhanlin 

1

 

(1. Jilin Normal University, Changchun 136000, China) 

(2. Nanjing University of Science and Technology, Nanjing 210094, China) 

 

Abstract: One step method was investigated to prepare La

0.4

Sr

0.6

Co

0.2

Fe

0.7

Nb

0.1

O

3-δ

-Ce

0.8

Gd

0.2

O

2-δ

 (LSCFN-CGO) compound symmetrical 

electrode. La

0.8

Sr

0.2

Ga

0.83

Mg

0.17

O

3-δ

 (LSGM) was used as electrolyte and symmetrical cells with a configuration of LSCFN-CGO 

||LSGM||LSCFN-CGO were fabricated. Phase-analysis and electrode microstructure of LSCFN-CGO were examined by X-ray diffraction 

(XRD) and scanning electron microscopy (SEM). Results show that LSCFN-CGO is identified to be pure phase and perovskite structured 

LSCFN is chemically compatible with fluorite structured CGO. With H

2

 (3% H

2

O) and C

3

H

8

 (3% H

2

O) as fuel for the cell, the maximum 

power densities are 980 and 869 mW/cm

2

 at 850 ºC. Moreover, the long-term stability of the cell is stable at constant current of 0.3 A/cm

2

 

for 420 h with C

3

H

8

 (3% H

2

O) as fuel, 8 redox cycles are carried out, and the symmetrical electrode had ideal redox regeneration ability 

under carbon-based fuel. The results show that one step method is a facile and optimized electrode fabrication procedure and owns 

promising application prospects. 
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